This paper presents a new volume displacement sensor ͑made of shaped strips of PVDF film͒ and the experimental implementation of this sensor in an active control system. A design strategy for a PVDF sensor detecting the volume displacement induced by a vibrating 2D structure is presented. It is based on the modal representation of the plate response. It actually consists in designing a PVDF sensor, composed of several shaped PVDF strips bonded to the surface of the structure, in such a way that the output signal of the sensor is directly proportional to the volume displacement. The design methodology is based on the experimental measurements of the plate mode shapes ͑eigenfunctions͒ and is valid for any type of boundary conditions. The experimental implementation of such a volumetric sensor in an active control system is then presented. The experimental results obtained validates this new type of volume displacement sensor.
INTRODUCTION
The two main strategies for actively controlling sound fields are active noise control ͑ANC͒ and active structural acoustic control ͑ASAC͒, first proposed by Fuller. 1,2 The ANC approach is based on controlling the acoustic field by using loudspeakers as acoustic secondary sources, while the ASAC approach directly modifies the response of the radiating structure by applying structural inputs as secondary sources, i.e., modal restructuring. 2 In general, the ASAC approach has been proved to require a smaller number of secondary sources for a global control of the acoustic field. Recently, piezoceramic actuators embedded in or bonded to the structure have been successfully used as structural secondary sources for ASAC applications.
3,4 These integrateddistributed actuators overcome many of the disadvantages of shakers.
In ASAC, the other component of prime importance is the error sensor, which defines the type of information to be minimized by the controller. Polyvinylidene fluoride ͑PVDF͒ materials have been suggested as error sensors in the active control of structural vibration, 5, 6 and more recently in the active control of sound radiation. [7] [8] [9] [10] In the latter case, the type of information measured on the structure by such sensors has to be carefully defined so that the minimization of this information effectively leads to a global attenuation of the sound field. In this instance, PVDF materials provide distributed sensors for which spatial filtering techniques can be applied by tailoring the sensor shape, in order to select, for example, the most efficient radiating modes in the structural response.
Since active control is most efficient at low frequencies, the development of appropriate sensors to be used in ASAC should be based on the low-frequency mechanisms of the sound radiation from vibrating structures. For planar radiators, it is well known that the sound radiation is directly related to the velocity distribution over the surface of that structure, for frequencies lower than the critical frequency. It was shown 11, 12 that velocity distributions corresponding to certain modes, i.e., odd-odd or symmetric modes for simply supported and clamped boundary conditions, are the most efficient radiators. Therefore, the sensor to be designed should be able to mainly detect these well-radiating velocity distributions. A strategy originally investigated by Fuller et al. 13 is to detect only the supersonic ͑radiating͒ components of the structural wave number spectrum. Another approach is based on the ''radiation modes'' concept; it was shown 14, 15 that the sound power can be written in terms of radiation modes, which correspond to the eigenvectors of the radiation impedance operator of the structure and radiate sound independently. Recently, Snyder et al. 10 have implemented the active control of sound radiation from a simply supported panel using PVDF film shaped in order to observe the radiation modes of the panel. The first and most radiating of these radiation modes was found to be the piston-type mode. Such a mode actually represents the monopole behavior of the structure and can be detected by measuring the net volume displacement over the surface of the structure. Based on this assumption, Rex and Elliott 16 developed a ''quadratically weighted strain integrating sensor,'' i.e., a quadratically weighted sensor measuring the volume velocity of the structure. This sensor can be implemented in practice in the form of a piezoelectric cable or an optical fiber bonded on or embedded in the structure. Using the same approach, Johnson and Elliott 17 showed that the volume velocity of a twodimensional structure can be measured by quadratically weighting the sensitivity or the thickness of an extended PVDF sensor covering the whole surface of the structure. This solution being unrealistic in practice, it was approximated by shaping the sensor into quadratic or rectangular strips. 18 They successfully implemented active control of volume displacement using such sensor on a plate and observed significant reductions in the sound radiations. However, the disadvantage of their sensor design is that it has to cover the whole plate surface, which may not be available in many applications. Recently, Guigou et al. 8 have successfully implemented active control of volume displacement in the case of flexural beams, by using a single shaped PVDF strip, and they observed significant attenuation of the radiated sound field. The shape of the PVDF strip was based on the mode shapes ͑eigenfunctions͒ of the beam. This last work provides the basis of the present investigation.
The objective of this paper is to extend the concepts of the abovementioned paper in the case of 2D structures. The implementation of an extended, shaped PVDF sensor as a volume displacement sensor is discussed in the case of a rectangular panel with arbitrary boundary conditions; the sensor shape is shown to be independent of the frequency and type of excitation. Moreover, the strategy of minimizing the volume velocity keeps the control architecture very simple ͑single input control system͒. Experimental results of the volume displacement sensor and its use in an active control system are presented and discussed.
I. VOLUME DISPLACEMENT PVDF SENSOR

A. Description of the system considered
The mechanical system studied in this paper consists of a rectangular clamped plate on which two piezoelectric actuators are bonded; see Fig. 1 . A piezoelectric actuator is composed of two identical colocated piezoceramic patches on each side of the plate. The piezoceramic patches are assumed to be perfectly bonded to the plate surface. A symmetric actuation ͑pure flexion͒ is induced in the plate when the two piezoceramic patches are driven 180°out of phase. Here, one of the piezoelectric actuators is used to induce the unwanted vibration ͑i.e., primary actuator͒ while the second actuator is the control ͑i.e., secondary͒ actuator. The plate dimensions and material properties are described in Table I . The piezoceramic actuators characteristics and locations are given in Table II. The total transverse displacement of the plate under the action of the primary and secondary actuators can be written as a linear combination of modes,
where Ŵ i is the modal amplitude and ⌿ i (x,y) is the ith eigenfunction. The modal sum in Eq. ͑1͒ is truncated to ''I'' modes.
B. Experimentally determined eigenfunctions
The design of the volume displacement sensor starts with the determination of the plate eigenfunctions. In this work, these eigenfunctions are determined experimentally, even though theoretical approximations are available in the case of clamped plate. The experimental determination of the eigenfunctions can lead to a better representation of a particular ''real'' ͑i.e., experimental͒ plate displacement, since it takes into account the imperfections in the boundary conditions, plate material, external loading, etc. Furthermore, using experimentally measured eigenfunctions would be natural for more complex plates for which no theoretical approximations are easily available.
The plate was excited between 100 and 500 Hz, using the primary PZT actuator, in order to obtain its modal characteristics. A Bruel & Kjaer analyser was used to measure the transfer function between the velocity signal from a laser vibrometer ͓at a total of 144 (12ϫ12) regularly spaced measurement points͔ and the excitation signal. The modal analysis STAR SYSTEMS V5.0 package was then used to process the data. This software uses a frequency domain curve-fitting analysis to determine the modal characteristics. The experimental mode shapes ⌿ i (x,y) are then represented as a combination of polynomial trial functions,
͑2͒
Such trial functions are very general and may be used for plates with arbitrary boundary conditions. In order to determine the unknown coefficients A i, pq of a mode shape, the following system of equations has to be solved for each mode ''i,''
The vector ͕w i,mn ͖ contains the ith modal displacement of the mnth measurement point as provided by the STAR SYSTEMS package. The vector ͕w i,mn ͖ thus contains 144
elements. The coefficients of the matrix ͓ mnpq ͔ are given by
where x m and y n are the positions of the mnth measurement point.
Reasonably small values of P and Q in Eq. ͑2͒ are sufficient to reconstruct the first few modes of the plate. Consequently, the values of P and Q are usually smaller than the number of measurement points in each direction of the plate and the linear system represented by Eq. ͑3͒ is overdetermined. Therefore, a least mean square technique is used and the following system has to be solved,
͑5͒
The superscript T indicates the transpose operator. A criterion must be used to evaluate the accuracy of the polynomial approximation obtained. The criterion suggested by Gerald and Wheatley 19 is to increase the degree of the approximation polynomials until a statistically significant decrease in the variance of the approximation error is obtained. The variance of the error is defined as
where ''M '' and ''N'' are the total number of measuring points in the x and y directions, respectively. Thus the orders ''P'' and ''Q'' of the approximation polynomials are selected independently for each mode ''i'' using Eq. ͑6͒ as criterion.
C. Structural volume displacement of a plate
In the present work, the cost function considered for the active control system is the structural volume displacement of the plate. The structural volume displacement is defined as the integral of the transverse displacement over the surface of the plate,
Introducing Eqs. ͑1͒ and ͑2͒ into Eq. ͑7͒ and performing the double integration yields the volume displacement of the plate, which can be written in matrix form as The volume velocity of the plate is simply Eq. ͑8͒ multiplied by j as harmonic excitation is assumed. Thus for pure tone excitation, it is equivalent to minimize the volume velocity or the net volume displacement. The strategy of using the volume displacement as a cost function for an active control system have been shown previously 8, 15, 18 to be very efficient to reduce sound radiation in the low-frequency range ͑i.e., k 0 LӶ1, k 0 is the wave number in air, and L is the characteristic dimension of the structure͒.
D. Design of a volume displacement sensor using shaped PVDF film
The charge response of an arbitrarily shaped strip of PVDF sensor applied to a two-dimensional structure has been derived by Lee et al. 5 It was shown that the charge response of the sensor is a function of the integral of the strain over the surface of application and is expressed as 
where L z pl and L z s are, respectively, the plate thickness and PVDF sensor thickness. The e i j are the PVDF sensor stress/ charge coefficients. It is assumed that no skew angle is associated with the polarization of the PVDF film used in this study, e 36 ϭ0. The function F(x,y) represents the variation of the film sensitivity with the position on the surface of application. In practice, this variation of sensitivity is more easily achieved by shaping the PVDF film as described in the following.
First, consider a single PVDF strip parallel to the x direction of the plate, whose center line is located at yϭy ct , as shown in Fig. 2 . The maximum width of the strip is noted 2 x , and the width at the position x is 2 x F (x), where F (x) is a function varying between Ϫ1 and ϩ1. Negative values of F (x) correspond to an inversion of the PVDF film polarity. It is assumed that the strip axis coincides with the direction of maximum stress/charge coefficient e 31 . It is desired to find the output response of this strip when the function F (x) is given by
In this case, the charge response of the PVDF strip can be written as
͑11͒
Introducing Eqs. ͑1͒ and ͑2͒ into Eq. ͑11͒ and integrating with respect to the variable y leads to 
͑13͒
Similar assumptions are made for
, ͩ1ϩ
x F ͑x͒ y ct
Inserting these approximations into Eq. ͑12͒ and performing the integration along the x axis, the charge of the PVDF strip parallel to the x axis can be written in matrix form as
where ͕␣ r ͖ is the vector of the shape coefficients of the PVDF strip. The coefficients of the matrix ͓T1 pq,r ͔ are given by
Similarly, for a PVDF strip parallel to the y direction at x ϭx ct , with a maximum width 2 y ͑see Fig. 2͒ and a shape described by
the charge response is given by
Using approximations similar to Eq. ͑13͒ for the terms (1 ϩ͓ y F (y)/x ct ͔) pϩ1 , etc., and performing the integration along the y axis, the charge of the PVDF strip parallel to the y axis can be written in matrix form as 
͑20͒
It is required that the sum of the output charges be proportional to the net volume displacement of the plate. In this case, the sensor formed by the 2 PVDF strips is a volume displacement sensor. This requirement allows the unknown coefficients ␣ r and ␤ s of the strip shapes to be determined. Equating Eqs. ͑8͒ and ͑20͒ row by row implies that the modal volume displacements of the plate are equal to the modal charge response of the sensor, which ensures that the sensor is independent of the frequency; this yields
forms a system of I linear equations to be solved for the RϩS unknown coefficients ␣ r and ␤ s . A unique solution is obtained if RϩSϭI, I being the total number of modes considered in the plate response. So, this uniqueness condition relates the total number of modes to the order of the polynomials used to shape the strips of PVDF. Note that high order polynomials yield complicated shapes of PVDF strips ͑with possibly many zeros, thus many polarity changes͒ implying difficulties in experimental implementation. Therefore, when the number of modes I considered is large, it is worthwhile to consider more than one strip in the x and/or y directions. Adding strips on the plate allows the order of the shape polynomials to be kept small for each strip. Equation ͑21͒ can easily be extended to consider more than one strip in the x or y direction. It is also interesting to note that since matrix ͓A i, pq ͔ is rectangular, it cannot be easily dropped from Eq. ͑21͒. Furthermore, the goal is to obtain a linear equation for each mode considered in the frequency range of interest ͓eliminating matrix ͓A i,pq ͔ would remove the modal representation in Eq. ͑21͔͒.
It is important to note that the volume displacement sensor given by Eq. ͑21͒ is independent of the excitation frequency and of the type, magnitude, and location of the excitation. Also, the use of polynomial functions to reconstruct the plate response and to design the sensor shape, makes the methodology valid for arbitrary boundary conditions that do not allow rigid modes. It should be noted that since the PVDF film is a strain sensor, it is not sensitive to rigid ͑whole body͒ modes.
II. EXPERIMENTAL RESULTS
A. Experimental implementation of the volume displacement sensor
The procedure described in Sec. D of Part I was implemented experimentally on the clamped plate described in Table I . Two piezoceramic actuators ͑a primary ''disturbance'' actuator and a secondary ''control'' actuator͒ were bonded to the plate. The characteristics and locations of the piezoceramic actuators are described in Table II . The properties of the PVDF film used in the experiments are listed in Table III .
The shapes of the strips were determined using Iϭ7 modes for the plate response and polynomial functions of order Rϭ4, Sϭ3 for the shape functions of the strips in the x and y directions. Once the positions x ct and y ct of the strips have been chosen, the solution of Eq. ͑21͒ yields the coefficients of the two PVDF strip shapes which form the volume displacement sensor. The accuracy of the PVDF volume displacement sensor turns out to be quite sensitive to the positions x ct and y ct . This is partly due to the approximation introduced in Eq. ͑13͒ to design the shapes of the PVDF strips. Therefore, after fixing the positions of the PVDF strips and solving Eq. ͑21͒ for the shape function ͓F (x) and F (y)͔ coefficients, Eqs. ͑12͒ and ͑17͒ are numerically integrated and their sum is compared to the volume displacement measured directly. If the comparison shows that the two curves corresponds well, then the chosen positions x ct and y ct are valid ones. If not, other positions for x ct and y ct have to be tested.
The velocity at a total of 144 (12ϫ12) regularly spaced points on the plate ͓i.e., jw(x ix ,y iy ) for ix and iyϭ1 to 12͔ was measured using a laser vibrometer. A Bruel & Kjaer analyzer was used to acquire the transfer functions between the excitation signal ͑to the PZT actuator͒ and the laser signal. The measured volume displacement can then be evaluated as
which is a discrete version of Eq. ͑7͒. Figure 3 presents the results for x ct ϭ0.259 m and y ct ϭ0.176 cm. Figure 3͑a͒ and ͑b͒ shows the shapes of the PVDF strips in the x and y direction, respectively. Figure 3͑c͒ presents the comparison of the measured volume displacement ͑with a laser vibrometer͒ and the numerically calculated charge response ͓Eqs. ͑12͒ and ͑17͔͒ of the PVDF sensor when the excitation is induced by the primary actuator. Note, there is no ordinate scale in Fig. 3͑b͒ because the two curves were superposed to facilitate comparison ͑i.e., the charge response of the PVDF does not have the same unit/scale as the volume displacement response͒. Figure 3͑c͒ shows an excellent agreement between the numerically calculated signal and the measured volume displacement, which confirms that the chosen positions x ct and y ct are valid. Note that the shapes of the strips ͓Fig. 3͑a͒, ͑b͔͒ are almost symmetric. This is intuitively understandable since the experimental mode shapes of the plate to be observed by the PVDF strips are also symmetric ͑monopole modes͒. The sensor strips shown in Fig. 3͑a͒ and ͑b͒ were implemented experimentally and taped to the clamped plate. The total electrical signal from the PVDF sensor ͑the added signal of the two PVDF strips͒ was first passed through a preamplifier ͑with high input impedance and variable gain͒ and then measured with a Bruel & Kjaer analyzer. Figure 4 and Fig . 5 present the PVDF sensor signal compared to the direct measurement of the volume displacement when the vibration of the plate is induced by the primary PZT actuator and the secondary PZT actuator respectively. Note that the signal from the PVDF sensor was scaled to be equivalent to the measured volume displacement at 170 Hz. It must be recalled that the sensor is designed using the first seven experimental modes of the plates, so that the contribution of higher order modes is not considered in the shape of the sensor. Thus it is expected that the sensor signal deviates from the volume displacement in higher frequencies. Also, the offresonance differences between the sensor signal and the measured volume displacement are presumably due to the higher order modes contributions in the flexural strain of the plate. PVDF materials measure strain and are thus more sensitive to higher order modes. In effect, this is more apparent in the case of the primary actuator excitation, which is significantly off-center and thus excites more efficiently the higher order modes of the plate. Note that in both cases the response of the ͑2,1͒ and ͑1,2͒ modes is large, indicating that these modes have a nonzero volume displacement and are thus not perfectly antisymmetric ͑this is mainly due to the presence of the PZT on the plate and the imperfections in the experimental boundary conditions͒. The fact that modes ͑2,1͒ and ͑1,2͒ have a volume displacement, shows that it is worthwhile to base the design of the sensor from experimentally measured mode shapes ͑i.e., eigenfunctions͒. It allows to take into account all the experimental imperfections ͑i.e., boundary conditions, added mass, added stiffness, plate imperfections, etc.͒ of the actual experimental setup. The sensor is designed from the measured modal characteristics. Therefore, any modifications of the structure mechanical properties ͑added mass, stiffness, boundary conditions, etc.͒ after the design stage will affect the response of the sensor.
B. Active control of volume displacement
This section describes the active control experiment using the volume displacement sensor developed previously. The plate was located in a semi-anechoic chamber for the experiments. Sound pressure levels were measured at nine discrete points equally distributed over a 1.2 m radius from the center of the plate in the plane xϭL x pl /2. Note, the main purpose of these sound pressure measurements was to get a good indication of the reduction that could be expected in a realistic application. Therefore, no baffle was installed around the plate. Furthermore, in order to have a single sound pressure value to quantify the reduction obtained by the control, an average sound pressure level in the plane xϭL x pl /2 is defined as
where R is the radius between the center of the plate and the positions of the measurements point, 0 is the density of air, and c 0 is the speed of sound in air. is the angle between the line perpendicular to the plate surface and the line that joins the considered point on the radius R to the center of the plate. Since the sound pressure measurements were done at nine angles i , the discrete version of the last equation is
The displacement of the plate before and after control was measured using a laser vibrometer at 144 regularly spaced points on the plate surface. The primary actuator was used to induce the unwanted vibration while the secondary actuator was used as the control actuator. The voltage applied on these actuators was typically between 80 and 120 V peak to peak. A feedforward filtered X-LMS controller was used. A number of single frequency was tested ͑i.e., harmonic control was performed here͒. The control results are presented for three typical frequencies, two on-resonance and one offresonance frequency. For each of these frequencies, the measured displacement field as well as the sound pressure levels in the plane xϭL x pl /2 are displayed before and after control is applied. Figure 6 presents the results obtained at 125 Hz, corresponding to an off-resonance frequency of the clamped plate ͑below the first mode͒. The structural displacement field before control clearly shows that the plate acts like a monopole type radiator with a maximum displacement close to the primary ͑i.e., disturbance͒ actuator location. After control, the plate is forced to act as a dipole type radiator by the secondary ͑i.e., control͒ actuator. One can note that the vibration level before and after control are globally the same in this case ͑the absolute maximum displacement value is approximately 0.08 m before control, 0.06 m after control͒. The experimental sound pressure levels in the plane xϭL x pl /2 are shown in Fig. 6͑b͒ . The reduction of the average sound pressure level is around 16 dB. This reduction can be attributed solely to the fact that the plate deformation is changed from a monopole type radiator to a dipole type radiator ͑i.e., modal restructuring 2 ͒. The control of the volume displacement has no appreciable effect on the vibration level at this frequency and only the radiation efficiency, which represents the capacity of the plate the generate sound, is decreased. Figure 7 presents the results obtained at 140 Hz, which corresponds to the resonance frequency of the first mode, i.e., mode ͑1,1͒. As seen in Fig. 7͑a͒ , the plate displacement before control corresponds to the ͑1,1͒ mode shape, with maximum displacement at the center of the plate. This mode is a monopole-type radiator.
2,11 Once again, after control the secondary actuator forces the plate to act as a dipole-type radiator. Note here the vibration levels after control are much lower than before control which indicates that in this case the control combines both vibration restructuring and vibration reduction. Figure 7͑b͒ presents the measured sound pressure levels. The reduction of the average sound pressure level is around 40 dB. The results of the volume displacement control at 140 Hz ͑Fig. 7͒ shows that the sound attenuation on resonance of a symmetric mode is associated with a decrease of the radiation efficiency ͑passage from a monopole type radiator to a dipole-type radiator͒, combined with a decrease of the vibration amplitudes.
Finally, Fig. 8 presents the results for 320-Hz resonance of mode ͑1,2͒. Note that the shape of the displacement after control is globally the same as the one before control. On the other hand, the maximum displacement has been reduced significantly. Therefore, the 14-dB reduction of the average sound pressure level is associated with the reduction of the vibration levels. In this case, the sensor acts as a vibration sensor, since the plate displacement before control was already a dipole-type radiator. It is interesting to note that the measured pressure directivity in the xϭL x pl /2 plane correspond to that of a monopole-type radiator ͑as expected͒. At this frequency, it can be deduced from Fig. 8͑a͒ that the pressure directivity in the yϭL y pl /2 plane would be that of a dipole-type radiator before and after control. Since the control only reduces the vibrational levels, pressure reductions in the yϭL y pl /2 plane are expected to be similar to that measured in the xϭL x pl /2 plane.
III. CONCLUSIONS
This paper presents the development of a novel volume displacement sensor for plates and its use in an active control system. The sensor is made of shaped strips of PVDF film in the x and y directions and is independent of the type and frequency of excitation. The approach is very general, since it is based on experimentally determined mode shapes. This allows consideration of any boundary conditions ͑that do not allow rigid modes͒, and plates with added punctual mass/ stiffness and/or with internal defects. Results were presented for a clamped plate. The sensor was validated by comparing the volume displacement measured with a laser vibrometer to the measured signal from the PVDF sensor. The contribution of high order modes of the plate in the sensor response, as well as the location of the PVDF strips, is sensitive parameters in the sensor design.
A global reduction in the plane xϭL x pl /2 of about 16 dB was obtained in the average sound pressure level for the off-resonance frequency case ͑125 Hz͒. This reduction is principally associated with a decrease in the radiation efficiency ͑the plate goes from a monopole-type radiator to a dipole one͒. For the on resonance case of mode ͑1,1͒, at 140 Hz, the obtained reduction in the average sound pressure level is 40 dB. This large reduction for this resonance case is attributed to the fact that the control of volume displacement decreases simultaneously the radiation efficiency and the vibration levels. Finally, for the results at 320 Hz, which correspond to the resonance of mode ͑1,2͒, the reduction of 14 dB of the average sound pressure level is associated with the reduction of the vibration levels. In this case, the plate was already acting like a dipole-type radiator before control. Therefore, the controller mainly reduced the vibration levels at this frequency.
The transversal displacement fields and the sound pressure levels obtained experimentally before and after control clearly validates the use of PVDF film directly bonded to a plate as a volume displacement sensors in an active structural acoustic control ͑ASAC͒ system for harmonic excitation. This sensor could be used for ASAC under wide-band excitation if an appropriate digital controller is implemented.
